Purpose Varus failure is one of the most common failure modes following surgical treatment of proximal humeral fractures. Straight antegrade nails (SAN) theoretically provide increased stability by anchoring to the densest zone of the proximal humerus (subchondral zone) with the end of the nail. The aim of this study was to biomechanically investigate the characteristics of this Bproximal anchoring point^(PAP). We hypothesized that the PAP would improve stability compared to the same construct without the PAP. Methods Straight antegrade humeral nailing was performed in 20 matched pairs of human cadaveric humeri for a simulated unstable two-part fracture. Results Biomechanical testing, with stepwise increasing cyclic axial loading (50-N increments each 100 cycles) at an angle of 20°abduction revealed significantly higher median loads to failure for SAN constructs with the PAP (median, 450 N; range, 200-1.000 N) compared to those without the PAP (median, 325 N; range, 100-500 N; p = 0.009). SAN constructs with press-fit proximal extensions (endcaps) showed similar median loads to failure (median, 400 N; range, 200-650 N), when compared to the undersized, commercially available SAN endcaps (median, 450 N; range, 200-600 N; p = 0.240). Conclusions The PAP provided significantly increased stability in SAN constructs compared to the same setup without this additional proximal anchoring point. Varus-displacing forces to the humeral head were superiorly reduced in this setting. This study provides biomechanical evidence for the Bproximal anchoring point's^rationale. Straight antegrade humeral nailing may be beneficial for patients undergoing surgical treatment for unstable proximal humeral fractures to decrease secondary varus displacement and thus potentially reduce revision rates.
Introduction
Currently, no consensus has been reached on the surgical treatment of displaced or unstable proximal humeral fractures. Complication and revision rates remain high. In up to 25% of cases, post-operative loss of reduction and varus failure have been frequently described as two of the most common failure modes associated with surgical stabilization [1] [2] [3] . As an alternative surgical option to lateral locking-plate fixation, straight antegrade humeral nailing (SAN) has been introduced, providing promising results clinically [1, 4] . Biomechanically, the lever arm of an intramedullary device is lower compared with a lateral locking plate, potentially counteracting varus displacing forces superiorly. In contrast to the bent proximal humeral nail, the straight designed nail appears to provide several additional advantages (please also see Table 1 ):
-The medialization of the entry point preserves the supraspinatus tendon footprint ( Fig. 1 ) [5] . -The medialization of the proximal part of the nail within the humeral head preserves a larger amount of bony substance lateral to the nails rim (Blateral bony bridge^), additionally increasing the constructs capability to resist varus displacing forces (Fig. 1 ). -In cases of proximal humeral fractures which include a fractured greater tuberosity, inadvertent entry to the fracture zone may be prevented (Fig. 1b ). -The straight nails proximal tip is designed to anchor the densest subchondral zone at the top of the humeral head, potentially counteracting varus displacing forces thus providing enhanced stability [6] (Fig. 1a ).
Although this concept of the Bproximal anchoring point( PAP) has been described in the literature, its potential biomechanical advantage has never been biomechanically proven [5] .
The aim of this study was to investigate the biomechanical characteristics of the PAP and to validate a component of the SAN's technical rationale. We hypothesized that the additional anchoring point in SAN for proximal humeral fractures with comminuted medial calcar would significantly improve stability compared to the same construct without the PAP.
Materials and methods
This study was performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards. 3 [range, 55-88]) from highest to lowest age. The first pair was randomly assigned by flipping a coin. There were no significant differences between the groups regarding age, gender, BMI or BMD. Within no-PAP group A, subgroup A1 was assigned a common endcap (undersized, compared to the nail's proximal tip diameter) attached to the tip of the nail, while subgroup A2 did not have an endcap. Within custom-PAP group B, subgroup B1 was assigned a common endcap (identical construct as subgroup A1), while subgroup B2 was given a custom endcap (equally sized, compared to the nail's proximal tip diameter) (Fig. 2) . One pair of humeri (group B) had to be excluded from final analysis due to incorrect potting of one humeral head, leading to instability during biomechanical testing.
Specimen preparation
To estimate the bone mineral density (BMD), computed tomography (CT) scans of all specimens were conducted. According to the method described by Krappinger et al. [7] , the cancellous BMD of the proximal humeral heads, corrected for yellow fat marrow, were calculated.
Prior to preparation, specimens were thawed at room temperature for 24 hours and dissected free of all soft tissue. By visual and CT scan inspection, no prior surgeries, preexisting injuries or pathologies, other than osteoporosis were identified. According to the age, some paired specimens showed mild to severe grades of osteoarthritis. The humeri were cut distally to a length of 175 mm and potted to a depth 135 mm distal to the humeral head's most proximal extension in polymethyl methacrylate (PMMA; Fricke Dental International, Streamwood, IL, USA) using a custom cylindrical mold, with the long axis of the humerus concentric with the cylindrical axis of the mold. Prior to potting, screws were inserted through the shaft into the most distal 5 mm of the humeri to ensure rigid fixation in the PMMA.
According to the manufacturer's technique guide (DePuy Synthes, West Chester, PA, USA), the dedicated entry points of the nails on the humeral heads were identified and marked in line with the shaft axis.
Surgical technique
The SAN's entry point was determined by projection of the physiological shaft axis at the top of the head fragment. The head was then opened using an 11.5-mm drill, and the nail (MultiLoc 9.5 × 160 mm, proximal diameter 11 mm; DePuy Synthes, West Chester, PA, USA) was implanted. MultiLoc proximal locking screws (4.5-mm MultiLoc Titanium; DePuy Synthes, West Chester, PA, USA) of the appropriate length were inserted into the humeral head, according to the manufacturer's technique guide. The locking screws were chosen to be as long as possible but to not penetrate the humeral cortex contralaterally, and were placed in the same standardized orientation for every specimen.
Two bicortical antirotational locking screws (4.0-mm Titanium Locking; DePuy Synthes, West Chester, PA, USA) were inserted distally. All screws were placed using the manufacturer's aiming frame. To ensure comparable positioning of the locking screws between pairs, the nail's proximal tip was distalized 10 mm below the most superior extent of the humeral head. Although this seems to appear rather distal in some cases, it does reflect clinical reality-in tall individuals, the nail's tip will end up to 15 mm distal to the humeral head's most proximal cortical extension in order to place the very proximal and distal locking screw options correctly. An endcap (MultiLoc Endcap, diameter 9.5 mm [only available diameter], length 10 mm; DePuy Synthes, West Chester, PA, USA) was attached to one humerus from each pair (subgroups A1 and B1). The contralateral humerus nail's proximal tip was left uncapped in the no-PAP group (subgroup A2), while a 10-mm-long custom endcap with a diameter of 11 mm (in accordance with the proximal nail's diameter) was attached in the custom-PAP group (subgroup B2).
Finally, a 10-mm circumferential osteotomy was created in all specimens to imitate a two-part proximal humeral fracture with a comminuted medial calcar. The proximal cut for the osteotomy was initiated 2 mm below the most distal level of the articular cartilage. All specimens were then potted in a custom cylindrical mold to a depth of approximately 40 mm, so as to completely cover the articular cartilage. According to previously described models, the long axis of the humerus was oriented in neutral position and 20°of abduction relative (Fig. 3) [8, 9] . Prior to potting the humeral head, two screws were inserted through the head, oriented medially to the nail to ensure rigid fixation in the PMMA.
Biomechanical testing
The humeri were biomechanically evaluated using a dynamic tensile testing machine (ElectroPuls E10000; Instron Systems, Norwood, MA, USA). Before the testing of each humerus, a cylindrical metal socket with a spherical cavity for load application (via a ball attached to the testing machine actuator) was fixed within the medial side of the proximal potting (Fig. 3) . Each humerus was secured within a custom fixture at the distal potting, while ensuring the proximal potting on the humeral head was level in both anterior/posterior and medial/lateral directions. In 20°of abduction, the humerus was preloaded to 15 N, which was the minimum load for subsequent cyclic loading. Using a caliper, the gap of the osteotomy was measured at the most medial location. The specimen was then cyclically loaded between 15 and 50 N at a frequency of 0.25 Hz with the maximum load increasing stepwise by 50 N every 100 cycles. After completion of each load step, the osteotomy gap was re-measured. Endpoint of testing, due to failure of the fixation, was defined as an osteotomy gap closure measurement greater than or equal to 5 mm relative to the initial gap measurement, which appeared to be equivalent to a permanent varus displacement in preliminary experiments. Implant cut out as well as any other fracture occurrence were also defined as fixation failure. Failure load was defined as the last completely sustained load magnitude during the stepwise increasing cyclic loading without failure. Following testing, all specimens were carefully freed of all potting material and examined.
Statistical analysis
To address the primary hypothesis, failure load was compared between two fixation methods of each test group separately. To reflect the fact that a failure event was defined based on measurements taken after each load step with 100 cycles, the overall load data were analyzed as an ordinal variable. Thus, medians and ranges were reported, and the Wilcoxon signedrank test was conducted. An a priori sample size calculation indicated that ten specimens per group would be sufficient to detect an effect size of d = 1 for matched-pairs testing with 80% power. The statistical software package R (R Development Core Team, Vienna, Austria) was used for all data analysis and statistical significance was declared for p < 0.05 [10] .
Results
In 17 of the 38 specimens, a fracture of the greater tuberosity occurred (Fig. 4a) ; 19 specimens failed by means of osteotomy gap closure of >5 mm (Fig. 4b) . Locking screw cut-through and failure of the fixture at 450 N were each seen in one specimen. There was no significant difference in mode of failure pattern between the different configurations of endcaps overall or in groups A or B, separately. There were also no significant differences in failure load between the specimens that failed by gap closure versus those that failed by greater tuberosity fracture overall or in groups A or B, separately. were not found to be statistically significant (Fig. 5) . Overall, specimens were found to be osteoporotic (mean BMD, 70 mg/ cm 3 [range 52-88]). Within our sample, there was no significant correlation between failure load and BMD (rho = 0.406, p = 0.085).
Discussion
The most important finding of this study was that the Bproximal anchoring point^provided significantly increased stability in straight humeral nail constructs as compared to the same setup without this additional anchoring point.
Secondary varus displacement has been described as a typical failure pattern in proximal humeral fracture treatment [2, 11] . The most common fracture mechanism is falling on the outstretched arm; this compressive load may severely damage the medial calcar and, hence, the medial bony mechanical support [12, 13] . This is of particular relevance in osteoporotic bone. The anatomic reduction of the medial calcar has been shown to play a key role in this context, as it provides important support against varus displacement [13, 14] .
Many different approaches have been proposed to overcome this severe complication. In an effort to strengthen plating constructs, screw cement augmentation [15] , bony autograft or allograft augmentation [16] , and additional calcar screws or blades [17] have shown promising biomechanical and clinical results. However, each of these augmentation methods bears the increased risk of infection or impending difficulties in the potentiality of surgical revision.
Theoretically, SAN seems to be an eligible treatment option in those kinds of fractures at risk for secondary varus displacement. However, there are only a few biomechanical studies available that evaluated this intramedullary implant. In 2012, Rothstock et al. [18] presented increased stability and decreased varus displacement using a supplementary Bscrewin-screw^configuration and advocated an additional ascending calcar screw for SAN. Contrarily, Katthagen et al. [19] showed that an additional unlocked calcar screw did not increase stability in a two-part fracture model fixed using a SAN construct.
In a clinical study, straight designed antegrade humeral nails have demonstrated superior clinical outcomes, compared to curvilinearly designed nails, with a minimum 1-year postoperative Constant Score of 83.3 versus 72.7. Complications related to rotator cuff disease were found to be significantly lower after straight nailing (34.6% versus 73%) [4] . Furthermore, the study demonstrated a significantly lower reoperation rate in the straight nail group (11.5% versus 42%) [4] . In another clinical study, Hessmann et al. [20] found a mean Constant Score of 66.1 points after a mean follow-up time of six months in 17 patients with a mean age of 67.2 years. All fractures were healed, and intra-articular screw penetration and loss of reduction were each observed once.
In our study, 50% of all the specimens failed by closure of the medial gap, while 44.7% failed by fracture of the greater tuberosity. Failure of the potting and screw cut-through were each seen once. Theoretically, constructs with the PAP are more likely to fail by a fracture of the greater tuberosity due to the direct lateral force towards the cortical/subchondral humeral head. In contrast, constructs without the PAP do not directly compress the cortical/subchondral humeral head and are, therefore, expected to fail by migration of the nail inside the fatty osteoporotic cancellous substance of the humeral head to the lateral side, resulting in varus dislocation (closure of the medial gap). However, we did not find any significant differences in failure mode patterns between the different construct configurations, nor in failure load between the specimens that failed by gap closure versus those that failed by greater tuberosity fracture overall, or in groups A or B, separately.
Accounting for up to 22%, screw cutout is known to be another common complication following surgical treatment of proximal humeral fractures [21] . In our study, we did observe one screw cut-through, but no screw cutout, backing out, or any other obvious signs of implant failure. The nail/screw construct appeared to be a stable and reliable implant in this biomechanical setting.
This study has inherent limitations. This was a time-zero in vitro biomechanical model, which does not reflect the biological healing that occurs in vivo. Due to the increasing incidence of unstable proximal humeral fractures in elderly patients [22] , osteoporotic humeri were used for this study. Therefore, comparable supportive characteristics of the PAP in younger humeri with potential higher BMD and stronger subchondral bone substance can only be assumed. Furthermore, 9.5-mm-sized nails were utilized in all specimens for this study. In our daily clinical practice, smaller-sized straight nails with a diameter of 8 mm are also frequently used. However, regardless of the nail's diameter, the manufacturer does only provide one size of endcaps (9.5 mm)-most likely leading to comparable biomechanical results on the PAP for smaller-sized nail diameters. As in most biomechanical investigations, simplified loading conditions were used to simulate repetitive daily activity with the arm slightly abducted. Complex loading conditions and forces generated by the various muscle and soft tissue attachments in vivo could not be taken into account in this study. Future biomechanical and clinical studies should investigate the possible benefits of the SAN compared with conventional lateral locking plate fixation for unstable proximal humeral fractures.
The PAP provided significantly increased stability in SAN constructs compared to the same setup without this additional proximal anchoring point. Varus-displacing forces to the humeral head were superiorly reduced in this setting. This study provides biomechanical evidence for the rationale of the PAP. Straight antegrade humeral nailing may be beneficial for patients undergoing surgical treatment for unstable proximal humeral fractures to decrease secondary varus displacement and thus potentially reduce revision rates.
